ABSTRACT Notifications of e-mail arrivals at inappropriate times disrupt workers engaged in intellectual activities and reduce their productivity. We propose an e-mail delivery mediation system to deal with this issue. The system suspends e-mail delivery and estimates users' interruptibility from their PC operation activities. Then, it delivers e-mail only when the estimated interruptibility matches certain delivery criteria, especially when a user switches applications. A long-term evaluation in a real office revealed that e-mail mediation based on the system's estimates of user interruptibility can shift a certain percentage of the notifications to task or subtask breakpoints or to times at which the user is less engaged in a task.
I. INTRODUCTION
There are concerns about decreases in productivity of workers engaged in intellectual activities because of inappropriate interruptions caused by computer-mediated human-to-human communication [1] . Such interruptions happen because computer systems do not know the user's work status; for example, e-mails may popup while the user is very busy in a situation that requires his/her full attention. In particular, task switching caused by interruptions increases the user's mental workload [2] . As a result, users can easily get frustrated and work inefficiently [1] , [3] , [4] .
To deal with this productivity issue, a number of studies have tried to mediate interruptions so that workers are not disrupted. Previous studies investigated awareness-sharing systems that would allow remote users to avoid distracting their partners by making untimely requests for realtime communication such as video chat [5] , [6] . Another study examined a system that recommended a suitable means of communication for interruptions [7] , while yet another
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proposed a system for blocking inappropriate interruptions by people [8] . Two other studies proposed automatic mediation of incoming telephone calls, wherein the interrupter did not need to determine the best timing of an interruption [9] , [10] .
E-mails, telephone calls, and visitors may interrupt workers in office environments. In particular, e-mail systems are used in almost every workplace [11] , [12] . Although e-mail is an efficient communication tool, the problem of 'e-mail overload' has been widely acknowledged [e.g., 13] . A number of studies have tackled the problem of how interruptions brought about by e-mail notifications affect work and reduce efficiency [3] , [14] , [15] , [16] . One way to reduce such e-mail disruptions is to automatically determine the importance of incoming e-mails and eliminate the notifications for unimportant ones. In fact, numerous studies have tackled automatic classification of incoming emails based on the sender, recipient, keywords, content, threads, and other information [17] , [18] , [19] , [20] . These studies aim at reducing the effort of workers by dealing with low-priority e-mails. However, the adequateness of the incoming notification time also has to be considered. For instance, a notification at a moment when a user is concentrating might not be suitable even if the incoming e-mail is important. This issue of e-mail delivery at inappropriate times remains unresolved.
One solution is to shut-off notifications and manually check for incoming e-mails. A certain number of people choose such an option, even in business, while others rely on active incoming notifications. Here, attenuation of active notifications is a promising approach. One popular way is to notify workers by using a modeless window, which does not disrupt ongoing operations and disappears after a certain duration, such as in the Thunderbird e-mail client. However, attenuation of notifications does not address the problem of inappropriate notification timing. Furthermore, to the best of our knowledge, no system has yet been proposed that automatically adjusts the notification timing on the basis of a user's interruptibility. Thus, we decided to develop such a system for notifying users of incoming e-mails at appropriate times for people who use active e-mail notifications.
To automatically control the timing of e-mail delivery, the user's interruptibility has to be estimated. Interruptibility, which is essentially a worker's ability to handle interruptions [21] , has been studied because moments of lower cognitive load are considered better for interrupting ongoing tasks [22] . Previous studies have used physiological signals that reflect mental workload, such as pupil size [23] and electroencephalograms (EEGs) [24] , to assess interruptibility in controlled environments. Other studies have suggested that the mental cost of an interruption depends on the stage of the ongoing task. In particular, Iqbal et al. suggested the effectiveness of (sub)task boundaries on estimating user interruptibility [25] , [26] .
Another line of study on interruptibility has asked participants to what extent they can accept interruptions and examined the feasibility of making automatic estimates [27] , [28] . Various studies have proposed ideas for estimating the subjective interruptibility of office workers; for example, there is a keystroke-based method for PCs [29] and a method based on voice, seating, and keyboard usage [27] . It has also been demonstrated that disruptions can be managed in accordance with information derived from PC use in a controlled-task environment [30] . Following these studies, a method of obtaining interruptibility estimates that focuses on breakpoints in PC work was proposed [31] . Of the various methods of obtaining interruptibility estimates, sensor-based methods are deemed superior in terms of their applicability to a variety of working environments. In contrast to these studies, this study discusses the feasibility of automatic e-mail delivery mediation based on a sensor-less method that does not require any effort or expense to set up in the workplace.
Aiming for relief from disruptions due to notifications, we proposed the idea of automatically mediating e-mail delivery based on estimates of user interruptibility and developed an early prototype system [32] , [33] . Although the prototype seemingly shifted some of the e-mail notifications to more uninterruptible moments, it had several issues, including frequent notifications. Furthermore, we did not conduct evaluations that fit an actual work scenario. Therefore, in this study, we developed a system with an improved algorithm and conducted a long-term evaluation of the effects of automatic e-mail mediation in a real work environment with four participants. Our three main contributions are as follows:
(1) Development of an automatic system of e-mail delivery mediation based on user interruptibility. Its algorithm avoids delivery of e-mails at uninterruptible moments and prioritizes delivery at potential task breakpoints.
(2) Proposal of an architecture and implementation of a system that controls the timing of e-mail delivery without changing the e-mail client in use.
(3) Assessment of the change in behavior and subjective impressions of users in response to changes in the notification timing, through a long-term user study conducted in a real office-work environment.
II. REQUIREMENTS FOR AUTOMATIC E-MAIL DELIVERY MEDIATION
From the receiver's viewpoint, e-mail interruptions during busy situations should be avoided so that they can maintain their focus on the task at hand [16] . People engaged in intellectual tasks, in particular, should ideally not be interrupted until they reach a task breakpoint because the cognitive cost of an interruption at a task breakpoint is lower than in the middle of the task [25] . Also, notifications of incoming e-mails should not be sent to workers even if they can suspend the interrupting task, because notifications might induce voluntary switching at an irrational time, which would decrease efficiency [34] . Furthermore, task fragmentation due to workers frequently receiving e-mails ought to be avoided [14] . Thus, a mediation system should ensure a certain period of time has elapsed before the next notification is delivered after one has been received. To satisfy these requirements, e-mail mediation in real time is necessary.
Another important issue to remember is voluntary incoming checks by users. For example, if a user is waiting for an upcoming e-mail, he/she may manually check for incoming mail by clicking a button on the e-mail client. In such case, the mediation system should deliver new e-mails regardless of the estimated user interruptibility.
On the other hand, simply queuing incoming e-mails is not always the best solution from the viewpoint of team performance. A previous study showed the importance of sharing information in improving team performance [35] . Additionally, it has been found that both too infrequent and too frequent e-mail communications decrease team performance (i.e., information deficiency and information overload) [36] . Therefore, teams should be spared excessive delays in receiving e-mails.
One more issue is that some error in the estimated interruptibility is unavoidable. Estimations made on the basis of limited behavioral information are essentially statistical predictions and not deterministic. Physiological signals are not only affected by cognitive workload but also by other physical factors. Consequently, if interruptibility is misjudged as being low, a user would lose the opportunity of receiving important e-mails. Therefore, it would be better to display the least-stimulating visual cue while suspending an active notification so that the system provides the user with a chance to notice an incoming e-mail only if he/she is actually interruptible. It is seemingly contradictory to the policy of interruptibility-based notification to display visual cues while the estimated interruptibility is low. However, we decided to make this a necessary consideration in order to relieve users of their concerns and let them use the system in an actual workplace scenario.
Besides the above four aspects, a number of practical requirements for use in typical work environments should be considered. For example, e-mails are used and organized for task management [12] . Thus, for e-mails to be kept organized, it is preferred that the e-mail client should be left unchanged to assure compatibility with stored older e-mails.
The above considerations led us to conclude that a system of e-mail delivery mediation should satisfy the following five requirements:
(1) It should reflect users' interruptibility in real time to avoid notifying them of e-mails when interruptibility is low and deliver e-mails when interruptibility is high.
(2) It should deliver e-mails regardless of interruptibility when users manually check their e-mail. Thus, the first requirement only needs to be overridden for manual checks.
(3) It should avoid blocking e-mails for an excessive amount of time. To satisfy this requirement, the e-mail delivery rules need to be adjusted depending on the duration of blocking.
(4) It should provide a supplementary visual cue of minimum strength that users notice only if they are actually interruptible.
(5) It is preferable for it to be compatible with existing e-mail systems so that the user does not need to change e-mail clients.
III. E-MAIL DELIVERY MEDIATION SYSTEM (EDMS)
A. SYSTEM CONFIGURATION We developed an e-mail delivery mediation system (EDMS) to mediate incoming e-mails in a way that takes into account the estimated level of user interruptibility. As mentioned above, it would benefit users if the EDMS were introduced without having to change the e-mail client. Two types of implementation are feasible to achieve this: adding a mediation function to existing e-mail clients or developing a system that works between the server and client. Typical examples of these two choices are plug-ins and proxy servers. E-mail plug-ins need to be developed for individual e-mail clients; however, finer control of functions can be achieved by accessing the internal information of e-mail clients. Proxy servers, on the other hand, basically work independently of the client and entail effort in setting up the client and the proxy. Although the previous studies on e-mail management used plug-ins to attain their functions [17] , [37] , we decided to use the proxy server architecture, as our study placed emphasis on FIGURE 1. System configuration of e-mail delivery mediation system (EDMS) that functions between e-mail client and e-mail server. Delaying and modifying the server's responses allows the system to control the behavior of the client.
applicability to existing clients. The EDMS program is thus executed on the user's PC, and it works between the e-mail client and server, as outlined in Figure 1 .
Incoming e-mail notifications are basically delivered depending on the server's response. Thus, controlling the server's response on the basis of the estimated user interruptibility would enable e-mail delivery to be shifted to an arbitrary time without changing the e-mail software in use. Therefore, we devised the EDMS to relay the client's commands and server's responses, and furthermore, to delay and modify the server's responses on the basis of the estimated user interruptibility. The notification determination module in Figure 1 manages the commands and the responses, while the interruptibility estimation module estimates user interruptibility.
B. USER INTERRUPTIBILITY ESTIMATION
A sensor-less system for estimating user interruptibility is preferable from a practical viewpoint because it spares users the chore of having to install sensors. Thus, we chose a PC operation-based method that estimates user interruptibility on the basis of application switching (AS) [31] . Because switching application software is a change in the tools of work, it potentially corresponds to a boundary between subtasks. However, as Iqbal et al.'s work implies, interruptibility at AS moments varies with the level of the task/subtask boundary. Tanaka et al.'s method uses 13 indices such as use of clipboards and closing active windows, which are intended to reflect the relevance of applications before and after switching. Six more indices reflect PC operation activities such as keystrokes. All these indices are binarized and used in the estimation. The method estimates subjective user interruptibility at three levels, i.e., low, medium, and high, every 500 ms.
Although delivering e-mails only at AS moments might be effective, it might also increase the risk of losing the chance of receiving e-mails, since less-engaged moments, that exist even when users are engaged in tasks, may also be good times to interrupt. Therefore, we decided to use Tanaka et al.'s method of estimating interruptibility during non-application-switching (NAS) periods. In particular, four indices related to PC activity and its detection rate (e.g., use of both a keyboard and mouse, and keystroke rate) have been used in the interruptibility estimation for NAS periods [38] . The ratio of serious estimation errors, in which the system misjudged low-interruptibility AS moments as being high, was 0.12 for 11 university students and 0.20 for 13 office workers [39] . In contrast, during NAS moments, the ratio of serious estimation errors increased to 0.23 and 0.25, presumably due to there being less information to make an estimation.
Although methods based on PC-derived information are easy to introduce, they are based on statistical tendencies. Thus, we need to design mediation systems by taking into consideration estimation errors. Furthermore, prioritizing delivery at AS moments rather than during NAS periods is preferred because AS moments potentially correspond to task or subtask breakpoints, which impose less cognitive workload, and the accuracy of the estimate is higher at AS moments.
C. E-MAIL MEDIATION ALGORITHM 1) OUTLINE OF NOTIFICATION CONTROL PROCEDURE
As mentioned in Section II, user interruptibility should be estimated in real time for e-mail delivery mediation. Therefore, we designed the following algorithm based on the e-mail client's behavior, wherein the client waits for a server response until the end of a preset waiting period. Figure 2 is an overview of the notification determination algorithm.
(1) When the EDMS receives a mail check command from the e-mail client, it holds the command. Then, while holding the command, it automatically checks whether or not there is e-mail. After that, it sends the held command to the server and receives the response.
FIGURE 2.
Overview of notification determination algorithm for e-mail delivery mediation system. The system determines whether to notify the user of incoming e-mail or block its delivery on the basis of the estimated user interruptibility.
(2) If there is incoming e-mail, the EDMS holds the server response. While holding the message, it repeatedly performs the interruptibility estimation and notification determination. The combination of holding the response and repeated notification determinations enables the EDMS to send notifications in real time on the basis of the estimated interruptibility.
(3) If the EDMS determines that the user should be notified, a server response is sent to the client; thus, the client receives the e-mail. If it determines that the user should not be notified for the whole of the waiting period, it modifies the server response to ''there is no incoming e-mail'' and sends it to the client; thus, the e-mail remains held.
Apart from the algorithm presented in Figure 2 , we added two more rules to satisfy Requirements 2 and 3.
(4) To deliver e-mails in response to voluntary checks made by the user, the EDMS overrides the algorithm and relays the commands and responses of the e-mail client regardless of the estimated interruptibility while the e-mail client is active.
(5) If an e-mail has been blocked for more than 30 min, the EDMS relaxes the e-mail delivery rule in three steps to increase the chance of delivery. The details of this rules' relaxation are described in the next subsection.
Furthermore, in a preliminary evaluation with our early prototype system, one participant claimed that he had trouble regaining concentration because of a second notification. Thus, to alleviate this frequent disruption issue, we introduced another rule:
(6) The EDMS blocks e-mails for a predefined period of time after a delivery of e-mails regardless of the estimated interruptibility.
The previous study [14] recommended setting the interval between interruptions at more than 45 min. However, considering users who have anxiety about excessive delivery delays, we made it possible for the user to customize the minimum blocking period.
2) NOTIFICATION DETERMINATION RULES INCLUDING THEIR RELAXATION
The notification determination rules were set so as to satisfy the requirements described in Section II and to prioritize delivery at AS moments, as described in Subsection III.B. Table 1 shows the delivery rules governed by the e-mail blocked time t (in min). If the EDMS detects AS, it compares the set of the current and the previous interruptibilities with the delivery rule for AS. If the set of estimated interruptibilities match the delivery rule, then the user is notified of the incoming e-mail. Since AS is a momentary transition, the EDMS applies the determination rule just at that moment (one sample of the system). On the other hand, as described in Subsection III.B, the effective features for making estimations in NAS periods are fewer than those in AS moments. Moreover, NAS periods often continue for up to a minute or so. Therefore, we used a one-minute average interruptibility estimated every 0.5 s instead of the instantaneous value for a more reliable determination during NAS periods.
While t ≤ 30, the system determines to deliver e-mail only if the one-minute average of the estimated interruptibility is high (3) during NAS periods. On the other hand, in the case of AS, the EDMS delivers e-mail if the estimated interruptibility before AS is medium (2) and the interruptibility at AS is high or medium. This combination allows the EDMS prioritize deliveries at AS moments.
The delivery rules are relaxed when an e-mail has been blocked for 30 min; this is done in order not to degrade communication efficiency. To relax the rule for NAS periods in which 30 < t ≤ 60, we made the EDMS lower the threshold to 2.5. The average interruptibility of 2.5 ensures that the user's estimated interruptibility is high for at least 30 s in 1 min. It allows e-mail delivery when the user's engagement in PC operation temporarily decreases for at least 30 s, even as he/she is working on a task. Furthermore, the incoming e-mail is delivered to the user regardless of the interruptibility if it has been blocked for 60 min. This rule is included to prevent e-mail from being blocked for an excessive amount of time.
The relaxation terms (30 and 60 min) were set with consideration of the recommended e-mail checking period, 45 min [14] . The threshold interruptibility values were set on the basis of our own speculation. The thresholds were empirically adjusted through a seven-week trial with three pilot users, prior to the main experiment. In this trial, the rules were adjusted every Friday on the basis of user feedback collected from Monday to Thursday. Figure 3 outlines timing examples of e-mail delivery. A conventional e-mail client periodically checks for new incoming e-mails on the server. When there is new e-mail, the client notifies the user by using a pop-up dialogue-box or similar method (Figure 3(a) ). On the other hand, a system incorporating the EDMS holds an incoming e-mail and delivers it when any of the rules in Table 1 are satisfied (Figure 3(b) ).
D. EXAMPLES OF DELIVERY TIMINGS
If another e-mail arrives while the first e-mail is being held, both e-mails are delivered in a group when any of the rules in Table 1 are satisfied (Figure 3(c) ).
Furthermore, even when the rules in Table 1 are satisfied, arriving e-mails are held for a minimum blocking period to ensure that the user has recovered his/her concentration.
The held e-mails are delivered when the delivery rules are satisfied after the blocking period, as shown in Figure 3(d) . However, the rules, including the minimum blocking period, are overridden and the new e-mails are delivered when the user voluntarily checks for incoming e-mails (Figure 3 (e) ).
E. SUPPLEMENTARY VISUAL CUES
Errors are unavoidable in the interruptibility estimation, as was explained in Section II. Consequently, if the system misjudges an interruptible state as being uninterruptible, the user will lose the chance of receiving e-mails on time.
Here, a supplementary visual cue can be provided while the e-mail delivery is suspended. However, the cue should be designed so that it would only be noticeable if the user is actually interruptible. In other words, the strength of the visual stimulation must be minimal so as not to accidentally disrupt concentration. Here, peripheral presentation of secondary (not related to the ongoing primary task) information [40] is an effective and widely accepted technique. In addition, Maglio and Campbell suggested that animation should be minimized to reduce its impact on the primary task. Another study recommended using a small in-place animation for notifications that require responses [41] . We thus implemented a function that gradually changes (over the course of 1 min) the color of the ''task tray'' icon displayed at the periphery of the display area.
IV. EVALUATION IN AN OFFICE
We conducted a long-term evaluation in an office to assess the behavior of EDMS in ordinary working scenarios.
A. PARTICIPANTS
Four faculty members who were working in the department of computer and information sciences participated in the evaluation. The experiment was approved by the ethical review committee of the university. The research objectives, recorded information, range of data use, and privacy protection policy were explained in writing to the participants. All participants agreed to take part in the experiment by signing an informed consent form. Table 2 summarizes the properties of the participants. Participants 1, 2, and 3 (referred to as Pn after this) mainly conducted research-related activities, while P1 had a duty to teach classes as well. P4 was in a supervisory position and engaged in various activities including supervision of students and management. He was frequently absent from the office on business trips. All the participants used individually assigned desktop PCs running Microsoft Windows. They spent much of the time at their offices using their PCs for various purposes including analysis of data, writing of documents, development of systems, and completion of surveys. Only P2 occasionally worked on PCs other than the assigned one in order to examine the program she was developing. The evaluation was conducted at their desks in the laboratory.
We gave the participants a document explaining how the EDMS worked. We also explained to them that the EDMS randomly changes its operating mode by itself on a daily basis, and they did not need to attend to it. We asked the participants to work as usual and to use the e-mail client for working on e-mails (i.e., accessing e-mails via a Web browser was prohibited at the office). The last request was given so that the participants would not know of incoming e-mails or anticipate notifications before they arrived. We did not prohibit them from accessing e-mail via Web browsers outside their offices. We did not impose any other restrictions.
B. OUTLINE OF PROCEDURES AND CONDITIONS
The evaluation was conducted under two conditions: without mediation and with mediation. The condition for a day was randomly selected by the EDMS upon start-up of the system; and the participants were not notified of the condition.
We basically left all the parameters as they were before the evaluation to give the participants a sense of ease. We set the minimum blocking period as described in Subsection III.C.1 to coincide with the automatic incoming checking period of the e-mail client (10 min), so that there would not be a big change in the expected delivery delay by introducing the EDMS.
P1, P2, and P3 used newer e-mail clients (Thunderbird), which notified users of incoming e-mails by using a modeless window that disappeared after 10 s. P4 used an older e-mail client (AL-Mail) that allowed him to access old messages, and notifications were provided to him through a modal window with less information. None of the participants used sound alerts.
C. ANALYSIS OF PC LOGS 1) DATA ACQUISITION
We logged PC operation activity every 500 ms to assess the notification timing and influence on user behavior. The days on which recordings were made varied from participant to participant because of differences in their schedules, which included business trips and individual holidays. Thus, we examined the conformity of the tendencies between the original and equalized datasets. We equalized the amount of data for each mediation condition in terms of both the number of days and average number of received e-mails, for each participant. The equalization involved running a program that removed the data for a day from either dataset that had a larger number of days. The data for a day that best reduced the difference in the average numbers of received e-mails were removed. The program was run until the numbers of days became equal. The statistics of the data are presented in the Results section. 
2) ANALYSIS OF NOTIFICATION TIMING
We first examined whether the EDMS functioned as designed in an actual office work scenario. Since the EDMS was developed to shift notifications to more interruptible times, there should be no notifications at times when the estimated user interruptibility is low. Therefore, we examined the estimated user interruptibility at the moment of e-mail notification.
In addition, since AS potentially corresponds to a task or subtask boundary, the EDMS was designed to prioritize delivery at AS rather than NAS moments, as described in Subsection III.C.2. This will increase deliveries at AS moments. Thus, we analyzed the rates of notification at AS and NAS moments for each mediation and non-mediation condition.
Furthermore, automatic mediation may shift the notification timings to moments when user is less engaged in PC operation, since the interruptibility estimation method uses the PC operation rate for 2 min (two-minute PC operation rate) after binarizing it [31] . Thus, we also verified the change in the two-minute PC operation rate. It was calculated as the ratio of the number of samples when PC activity, i.e. keystroke or mouse click, was detected to the total number of samples (240 for 2 min at 0.5 s intervals).
3) ANALYSIS OF BLOCKED TIME OF E-MAILS
In addition, delays in delivering e-mails may have a negative effect on a team's output, especially when the e-mail sender needs to wait for the receiver's response. Therefore, we also analyzed the blocked time for each e-mail by calculating the time from first detection of an e-mail to its delivery by EDMS.
4) ANALYSIS OF INFLUENCE ON USER BEHAVIOR
To assess the influence on the users' behavior, we assessed the task switching delay when making the transition to the e-mail task. The delay in this case is the time from notification to activation of the e-mail client window. The switching delay basically consisted of the time in which the participant voluntarily suspended the transition and the time for switching itself, i.e., the interruption lag [42] . Moreover, we had no effective method of separating these two times without asking the participants to immediately switch to the e-mail task. Thus, we analyzed the aggregate switching delay.
If e-mail is delivered in the middle of the task at hand, users may voluntarily suspend switching to the e-mail task. On the other hand, if it is delivered at or just before the task breakpoint, the suspension time might be shorter. Moreover, a number of studies have suggested that if a user is interrupted at an appropriate time, the interruption lag, i.e., the time for storing the problem state of the primary task in working memory to prepare for its resumption, is shorter [43] , [44] . Thus, we expected that e-mail mediation would decrease the switching delay.
D. SUBJECTIVE EVALUATION
We requested the participants to score (on answer sheets) the appropriateness of the e-mail interruptions on a seven-point scale (1: inappropriate -7: appropriate) at the end of the workday. Although a previous study aggregated twelve subjective scores related to productivity over five days [15] , we used subjective evaluations only to assess the appropriateness of the notification timing to relieve the participants of the effort and at the same time let them be involved in a longer evaluation. Moreover, we set the subjective evaluation period to three months to reduce the burden of the participants. When participants forgot to score, we did not ask them to do so the next day. After we collected the subjective scores, we performed a data equalization similar to what was done on the PC-operation logs. We also asked the participants to provide subjective feedback via an online survey at any time they felt the e-mail interruption timing was inappropriate.
V. RESULTS

A. BASIC STATISTICS
A total of 374 and 216 days' worth of data with and without mediation were recorded. As stated in Subsection IV.C.1, the data were algorithmically equalized in terms of the days and numbers of notifications. After equalization, a total of 199 days of data for each, including 5761 and 5275 e-mails, with and without mediation remained. Since we confirmed the conformity of the tendencies between the original and the equalized datasets, we only show the results for the equalized ones in the following sections for simplicity.
Because the data were automatically recorded, e-mail notifications occurred even while the participant was away from the keyboard. Thus, we excluded the data indicating that no operation activities on the keyboard and mouse had occurred for 10 min before notification. In addition, because the EDMS delivers e-mail regardless of the estimated interruptibility while the user uses the e-mail client, we also excluded the data while the e-mail client was being used. Notifications arriving just after start-up of the PC were also excluded because the interruptibility estimation program uses five minutes of operation data, and consequently, such e-mail notifications were outside of the mediation target.
Consequently, the notifications totaled 1440 and 1464 in the datasets with and without mediation since the cyclic checking for e-mail arrival in the client occasionally aggregates e-mails and notifies the user of them at the same time. Table 3 lists the statistics of the data after equalization. Figure 4 shows the rates of the estimated interruptibility levels at the moment of notification. The data revealed that 12% to 32% of the notifications were delivered at presumably uninterruptible moments without automatic mediation. On the other hand, regardless of the individual variation presumably stemming from the difference in PC operation style, the EDMS decreased the rate of notifications at low-interruptibility moments below 0.08 for all participants (Mann-Whitney's U test with Bonferroni correction for multiple comparisons, p<0.01 for each participant).
B. CHANGE IN NOTIFICATION TIMING BY AUTOMATIC MEDIATION 1) ESTIMATED INTERRUPTIBILITY AT TIME OF NOTIFICATION
The main reason why notifications still existed during lowinterruptibility periods appears to be the system delay from the delivery judgement to the actual delivery. This issue is discussed in Subsection VI.B.
2) RATES OF NOTIFICATION AT AS AND NAS MOMENTS
Rates of notifications at AS and NAS moments are shown in Figure 5 . The rates at AS moments were less than 0.05 without mediation because these happen only by chance. As a result of prioritizing delivery at AS moments, the EDMS increased the rate to more than 0.17 (MannWhitney's U test with Bonferroni correction, p<0.01 for each participant).
The reason why deliveries during NAS periods still existed (0.64 in average) is that the EDMS was designed to deliver e-mails at NAS moments when the estimated interruptibility is high so that delivery chances are not unnecessarily missed. As mentioned in Subsection III.B, since an AS moment potentially corresponds to a task or subtask boundary, an increase in deliveries at AS moments is expected to indicate a reduction in disruptive notifications. 
3) TWO-MINUTE PC OPERATION RATE BEFORE NOTIFICATION
The average PC operation rate without mediation varied from 0.09 to 0.22 among the participants, as indicated in Figure 6 . The reason for the lower operation rate for P2 might be due to the peculiarity of P2's task, which sometimes required operating PCs other than the assigned one. The decrease in the PC operation rate before the notification was significant in the cases of P2 and P4 (Mann-Whitney's U test with Bonferroni correction, p=0.055 (P1), p<0.01 (P2), p=0.10 (P3), and p<0.01 (P4)). Although the number of PC operations does not directly indicate the user's mental effort on the task, these results imply that the notifications were sent when the user was supposedly less engaged in PC operation.
In summary, as we expected, the EDMS decreased deliveries at low-interruptibility moments, increased deliveries at AS moments, and presumably delivered e-mails at moments at which the users were less engaged in PC operation in an actual office-work scenario. Even with mediation, several percent of the notifications were still delivered at lowinterruptibility moments. Figure 7 is a histogram of the blocked time of each e-mail, which represents the time from first detection of an e-mail to its delivery, while the EDMS was in mediation mode. The green region indicates the numbers of e-mails that were immediately delivered. It indicates that 85% of e-mails were delivered within 5 min of blocking and 95% were delivered within 10 min. The average delivery delay due to blocking was 123 s.
C. BLOCKED TIME DUE TO MEDIATION
On the other hand, 35 out of 5761 e-mails were blocked for more than 30 min, and three e-mails were blocked for 60 min, i.e. the maximum duration of blocking. The potential influence of blocking on individual and team performance is discussed in Subsection VI.D.
D. CHANGE IN USER BEHAVIOR
We analyzed the switching delays for P1, P2, and P3. We did not include the data of P4, because his e-mail client delivered notifications in a modal window that forced an immediate transition of the application software. We excluded the cases when the next notification was delivered before switching to the e-mail client because it prevented the switching delay from being calculated for the first notification.
Even after excluding the exceptional data, the average of the switching delays exceeded 400 s for all the participants. This suggests that a considerable number of unrecognized notifications were still included. Therefore, we plotted histograms of the switching delays for each combination of participant and mediation condition (Figure 8 ).
In the cases of P1 and P2, automatic mediation appeared to have increased the rate of switching within 5 s of notification. However, it showed the opposite effect on P3. Although we expected that mediation would shift the notifications times closer to the task boundary and that this would consequently facilitate users switching with a shorter voluntary suspension, statistical evidence in support of this expectation was not obtained at this time (t-test with Bonferroni corrections, p=0.07 (P1), p=0.03 (P2), and not significant (P3)). Figure 9 shows the average subjective scores on the appropriateness of the notification timings on a seven-point scale (1: inappropriate -7: appropriate). Even without mediation, the subjective appropriateness of the notification timings exceeded 3.5. Although we expected e-mail mediation would improve the subjective appropriateness of the notification timings, the improvement was insignificant (MannWhitney's U test with Bonferroni correction, p=0.063 (P1), not significant (P2, P3), and p=0.056 (P4)).
E. SUBJECTIVE APPROPRIATENESS OF NOTIFICATION TIMINGS
The participants' feedback via the online survey revealed some unexpected problems with the EDMS. The first was the delivery of another e-mail while dealing with an important e-mail. We also received a few feedbacks indicating that the participants were disrupted when they were about to concentrate. The feasibility of improvements for dealing with these issues is discussed in Subsection VI.C.
VI. DISCUSSION A. DISRUPTIONS CAUSED BY E-MAIL NOTIFICATIONS IN AN OFFICE
The evaluation in the actual office-work scenario revealed that 12% to 32% of the notifications were delivered at low-interruptibility moments without mediation. The rates of notification at AS moments were less than 0.05 without mediation because these notifications only happened by chance. Although not all of the estimated low-interruptibility moments might have been disruptive, some of them would have disrupted the participants.
However, the participants scored the subjective level of disruption without mediation modestly, as the subjective appropriateness ranged from 3.5 to 5.7 on the seven-point scale. This suggests that the participants had already become accustomed to being disrupted by e-mail notifications. A further assessment of this point would be an interesting topic on e-mail disruption.
B. CHANGE IN NOTIFICATION TIMING AND ITS EFFECT ON USER BEHAVIOR
As mentioned in Subsection VI.B, the EDMS significantly decreased deliveries at low-interruptibility moments and presumably increased deliveries while the user was less engaged in PC operation. In particular, the EDMS increased the rate of delivery at AS moments from less than 0.121 to over 0.477. These results demonstrate the feasibility of automatically shifting the notification timings based on a machine-estimated interruptibility value. We envision that comprehensive management of various types of interruption would improve the productivity of intellectual work.
We expected that successful mediation would decrease the switching delay, which is the period during which the user voluntarily suspends the task. However, the decrease was not statistically significant. The improvement in subjective appropriateness was not significant either. These results imply that the EDMS shifted some percentage of the notifications to task or subtask breakpoints by prioritizing the delivery at AS moments; however, some of the disruptive notifications remained. We need to improve the mediation algorithm in order to reduce these inappropriate notifications. Moreover, in regard to P3, although the EDMS worked as expected, the tendencies of the switching delay and subjective appropriateness were opposed to those of P1 and P2. We need to conduct further assessments in order to reveal the reason for this inconsistency.
C. FEASIBILITY OF IMPROVEMENTS TO EDMS
As discussed above, although the EDMS delayed some part of disruptive notifications to moments presumably at task or subtask breakpoints, the participants did not necessarily switch to the e-mail task immediately even when the mediation system was active. This suggests that the rules should be modified so that the system waits more persistently for task breakpoints. Applying such modifications (e.g., removing 2-2 from AS in Table 1 ) at an earlier time during the e-mail blocking period might help the system to deliver e-mails at more appropriate times without seriously delaying e-mail delivery.
Furthermore, the EDMS delivered 3.3% to 7.4% of the notifications when it estimated that user interruptibility was low, as can be seen in Figure 4 . We analyzed the recorded data and found that such notifications were due to the delay of the e-mail client, likely those of its internal processes and communication between the client and the server. Since the system delay was within a few seconds, such notifications can be avoided by developing an algorithm to predict interruptibility a few seconds later.
We designed the EDMS to deliver e-mails regardless of interruptibility estimates when the e-mail client is active, so that it would not prevent the user from voluntarily checking incoming mail. However, feedback from a participant revealed a need for mediating notifications while the user is dealing with an important e-mail. Furthermore, the participants claimed that their willingness to concentrate was disrupted in some cases. This situation would occur when the interruptibility estimate was high or medium at the moment of delivery judgment, because users were just beginning to concentrate. This poses a problem in that e-mails arriving sporadically may prevent users from concentrating. Thus, we should try to detect when users are beginning or trying to concentrate and avoid giving notifications at that moment.
The interruptibility estimation should also be more accurate. Use of more behavioral features such as user head motion, which roughly reflects changes in the worker's gaze target [45] , appears promising. Use of physiological signals reflecting mental workload, such as pupil dilation [46] , electrocardiogram (ECG), or electroencephalogram (EEG) [47] , would also provide better estimates. The disadvantage of utilizing more signals is the requirement for installing additional sensors. Some methods also have difficulty canceling the influence of environmental changes, which are unavoidable in actual offices. Balancing accuracy against these difficulties is a trade-off that should be studied.
D. INFLUENCE OF E-MAIL BLOCKING ON INDIVIDUALS AND TEAM
As shown in Figure 7 , 95% of the e-mails were delivered within 10 min of being blocked. On the other hand, 35 out of 5761 e-mails were blocked for more than 30 min, and three e-mails were blocked for 60 min. These longer blocking periods suggested that the EDMS ensured that the participant kept concentrating on the task by protecting him/her from interruptions. Thus, we expect that it improved their task performance.
On the other hand, since workers often work in teams, team performance should also be considered. At this point, the negative impact of the average blocking time being 123 s does not appear to be serious, because it is much shorter than 15 min, which is the period of the automatic incoming-mail check that more than 90% of workers set in their e-mail clients [48] . However, longer blocking periods, to let a user concentrate on his/her task, may have a negative effect on a team's output, especially when the sender needs to wait for the receiver's response. For instance, users indicated that 91% of their critical e-mails, which were about 10% of the total, had to be addressed right away [37] . Therefore, we should try to prevent urgent emails from being blocked in order to balance individual worker productivity and team performance.
VII. LIMITATIONS AND FUTURE WORK A. INTERPRETATION OF THE RESULTS
The evaluation was conducted with four members of our faculty. On the other hand, office work is diverse, ranging from solitary tasks requiring intense concentration to clerical jobs that may be interrupted frequently by visitors. The need for e-mail blocking will thus vary with the occupation, position, and task. We must be careful in generalizing the results obtained with a homogeneous group, and we should further investigate the effect of interruptibility-based notification mediation on other users.
We conducted the evaluation in an uncontrolled environment. The attributes of the e-mails such as their content, length, sender, etc., naturally varied, as did the workplace environment. The schedules, situations, and health statuses of the participants might have changed daily. Thus, although we randomized the conditions of each day, equality between conditions was not guaranteed. Continuous evaluations with more diverse groups of users should be carried out.
B. MEDIATION ALGORITHM, PARAMETERS, AND REFLECTING FACTORS
As discussed in Subsection VI.C, the mediation algorithm needs to be improved. The mediation parameters were empirically adjusted through our trial use, as described in Subsection III.C.2. They need to be optimized in a more systematic way.
The EDMS controlled the notification timing on the basis of the estimated user interruptibility. However, the necessity of e-mail blocking in real working environments will vary with the importance of the e-mail content, the relationship between the receiver and sender, and the ongoing task [49] . For more efficient mediation, the system will need to determine the priority of e-mails [17] - [20] , [37] and use it in conjunction with the user interruptibility calculation when determining notifications.
VIII. CONCLUSION
We developed an automatic e-mail delivery mediation system (EDMS) that avoids sending incoming notifications at inappropriate times. The EDMS controls the timing of e-mail delivery depending on the estimated level of interruptibility of the user and operates between the e-mail client and server. We conducted an evaluation in an actual office over a period of months with four participants. The results demonstrated that the system shifted a certain percentage of e-mail deliveries to task or subtask breakpoints or to times at which the user was less engaged in a task, despite that the system worked on the basis of an estimated interruptibility, which was not always correct. We believe the results will prompt further studies on automatic interruption management for improving productivity.
A verification of the effect of such delivery time shifts on cognitive workload and the efficiency of tasks, as well as further improvements to the system, will be topics of future study.
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